Greenland ice cores reveal that mean annual temperatures during the Younger Dryas (YD) cold interval-about 12.9 to 11.7 thousand years ago (ka)-and the~150-year-long cold reversal that occurred 8.2 thousand years ago were~15°and 3°to 4°C colder than today, respectively. Reconstructing ice-sheet response to these climate perturbations can help evaluate ice-sheet sensitivity to climate change. Here, we report the widespread advance of Laurentide Ice Sheet outlet glaciers and independent mountain glaciers on Baffin Island, Arctic Canada, in response to the 8.2-ka event and show that mountain glaciers during the 8.2-ka event were larger than their YD predecessors. In contrast to the wintertime bias of YD cooling, we suggest that cooling during the 8.2-ka event was more evenly distributed across the seasons.
S
ummit Greenland ice cores record several abrupt cold excursions that occurred throughout the last glacial period and into the early Holocene (1, 2) . Characterized by rapid onset and termination times, the Younger Dryas (YD) and the excursion that occurred 8.2 thousand years ago (ka) are two of the most dramatic examples of abrupt climate change, and consequently their intra-and interhemispheric signature has been the subject of intense focus [e.g., (3, 4) ]. Characterizing the extent and magnitude of abrupt climate events beyond their central Greenland stratotypes is critical for understanding the mechanisms that drive abrupt climate change and for understanding how regional climate-system changes are transmitted globally via atmospheric and oceanic teleconnections.
The expression of the YD outside central Greenland has proven particularly puzzling. Even on Greenland, independent terrestrial proxy records that track changes in summer climate do not replicate the extreme temperature depression of the YD depicted in Greenland ice [e.g., (5) ]. This disparity has led to the hypothesis that the YD and other abrupt cold reversals in the North Atlantic region were typified by strong seasonality, with cooling primarily restricted to the wintertime and only minimal to moderate summer cooling (6, 7) . To test this hypothesis, proxies for terrestrial climate change need to be generated from elsewhere in the North Atlantic region.
Located directly adjacent to Greenland, Baffin Island hosts remnants of the Laurentide Ice Sheet (LIS) and numerous mountain glaciers whose late glacial to early Holocene histories have remained relatively unexploited compared with their counterparts in Europe [e.g., (8) ]. An extensive moraine system deposited along eastern Baffin Island fjord heads was originally believed to demarcate the late Wisconsin maximum extent of the LIS ( Fig. 1) (9, 10) . Recent work, however, has demonstrated that during the late Wisconsin, the LIS extended to at least the fjord mouths and likely out onto the Baffin Bay continental shelf, with regional deglaciation commencing~15 to 16 ka (11, 12) . Thus, fjord-head moraines represent an advance of the LIS superimposed on deglaciation. Considered correlative with this ice limit are moraines that were deposited by local mountain glaciers that became independent of the LIS during deglaciation (10) . Fjord-head moraines are currently dated with conventional radiocarbon ages from marine fauna that broadly constrain moraine deposition to~8 to 9.5 thousand calibrated years before the present (cal yr B.P.) (Cockburn Substage) (13) ; this chronology has remained relatively unchanged for three decades. Here, we precisely date mountain-glacier moraines deposited during the Cockburn Substage on Baffin Island using 10 Be surface exposure dating and compare our new chronology to 10 Be-and 14 Cdated fluctuations of nearby LIS outlet glaciers (Fig. 1) .
Our chronology arises from mountain-glacier moraines deposited in Ayr Lake valley after Laurentide ice, which occupied the valley during the last glaciation, retreated during deglaciation. 10 Be ages from the Clyde Foreland and Ayr Lake valley, calculated with a locally constrained 10 Be production rate (14) , indicate that the LIS retreated from the Clyde Foreland 14.1 T 1.2 ka (n = 7 10 Be ages; mean T 1 SD), through Ayr Lake valley at 13.7 T 0.1 ka (n = 3 10 Be ages), and well inland of the study area by 12.7 T 0.3 ka (n = 1 10 Be ages) ( Fig. 2) (14) . Thus, tributary glaciers extending from adjacent ice caps flanking Ayr Lake valley disconnected from the LIS outlet glacier~13.7 T 0.1 ka. We dated boulders from two correlative moraines deposited in Ayr Lake valley by mountain glaciers during the Cockburn Substage (Fig. 2) . Both moraines,~20 km apart, have mature lichen cover and are situated immediately down-valley of unvegetated, fresh-appearing moraines that we assume were deposited during the late Holocene. 10 Be ages from moraine boulders range from 17.2 T 0.3 to 7.9 T 0.2 ka (n = 13 10 Be ages). Two boulder ages of 17.2 T 0.3 and 14.2 T 0.3 ka are >3 SD older than the remaining 10 Be ages and likely contain 10 Be inherited from previous exposure, which is widespread in this region outside of valley bottoms (12, 14) . The remaining 11 (Fig. 3) .
of mountain glaciers in Ayr Lake valley culminated~8.2 T 0.2 ka (Figs. 2 and 3) . (Figs. 1B and 3) . In Clyde Inlet, 10 Be ages from boulders atop an ice-contact delta range from 8.6 T 0.6 to 7.5 T 0.8 ka and have a mean age of 8.0 T 0.4 ka (n = 7 10 Be ages) (Fig. 3) (15) . This age assignment agrees with independent 14 C ages that bracket deposition of the ice-contact delta to between 8435 T 30 and 7950 T 45 cal yr B.P. (1 SD) (14) . In Sam Ford fjord, numerous 10 Be ages indicate that the majority of the fjord rapidly deglaciated 9.5 T 0.3 ka but did not deglaciate completely until after~7.7 ka (16) . Radiocarbon ages of 8330 T 30 and 8210 T 190 cal yr B.P. from an ice-contact delta deposited during the Cockburn Substage mark the timing of a readvance by the LIS outlet glacier occupying Sam Ford fjord (14) .
Taken together, 10 Be and 14 C ages from Ayr Lake valley, Clyde Inlet, and Sam Ford fjord indicate that a synchronous advance of mountain glaciers and LIS outlets occurred between~8.3 and 8.0 ka, probably driven by the 8.2-ka abrupt cold reversal displayed in Greenland ice cores (Fig. 3) . In some locations, several distinct ice limits associated with the Cockburn Substage are identifiable (e.g., Sam Ford fjord) (17) , indicating that the 8.2-ka event glacier response may be superimposed upon a broader pattern of glacier advance and retreat between~9.5 and 8 thousand cal yr B.P. whose climatic importance, if any, remains unclear. Nonetheless, the 8.2-ka event cooling was sufficient to trigger a widespread response of eastern Baffin Island glaciers, perhaps correlative with early Holocene advances of the western Greenland Ice Sheet (18) . In addition, the 8.2-ka event triggered an advance of the eastern LIS indicating that ice sheets are capable of an extremely rapid glaciological response (i.e., centennial-scale or less) to a short-lived climate perturbation.
Because the 8.2-ka moraines rest directly on the Ayr Lake valley floor that deglaciated~14 to 13 ka, 8.2-ka event moraines mark the most extensive limit of local mountain glaciers sincẽ 14 ka. Therefore, our chronology indicates that mountain glaciers were larger during the 8.2-ka event than during the YD. Although our chronology does not preclude a YD-triggered advance of Ayr Lake mountain glaciers, the morphostratigraphic relationship between the 8.2-ka moraines and the Ayr Lake valley floor requires glaciers during the YD to have been less extensive than they were during the 8.2-ka event. The larger response of Baffin Island glaciers to the 8.2-ka event relative to the YD is surprising considering the significantly longer duration and greater amplitude of YD temperature change compared with the 8.2-ka event.
The absence of a distinct YD moraine on Baffin Island is not necessarily unexpected. For example, unequivocal YD moraines in the Northern Hemisphere have not been identified outside northern Europe, and in the Southern Hemisphere mid-latitudes, glaciers appear to have advanced before, and then retreated during, the YD interval (4, 19) . On eastern Greenland, a major moraine complex brackets the YD but, perhaps more importantly, indicates that YD summertime cooling was only 3.9°to 6.6°C relative to today (7), much less than the~15°C mean annual cooling recorded in central Greenland ice cores by gasfractionation paleothermometry (2) .
An independent proxy record from Lake CF8 in our study area indicates that summer temperatures during the 8.2-ka event lowered by~3.5°C (20) (Figs. 2 and 3) . At high northern latitudes, 90% of the variability in glacier mass balance is controlled by ablation-season (summer) temperature (21) , and thus summertime cooling of 3.5°C during the 8.2-ka event helped drive eastern Baffin Island mountain glaciers to advance beyond their YD limit. Precipitation rates during the YD, however, were up to~50 to 100% less than early Holocene values (22, 23) and likely contributed to a restricted YD ice extent. Because a~40 to 50% change in precipitation is equivalent to a~1°C temperature change (24, 25) , we constrain the magnitude of summer cooling during the YD on eastern Baffin Island to have been no more than~4.5°to 5.5°C. This level of summer cooling during the YD is consistent with strong seasonality when considering thẽ 15°C mean annual cooling recorded in Greenland ice cores (6) .
In contrast, the 3.5°C of summer cooling recorded on Baffin Island during the 8.2-ka event is indistinguishable from central Greenland mean annual temperatures depicting a peak 8.2-ka temperature depression of~3°to 4°C (26, 27) (Fig. 3) . Furthermore, terrestrial proxy records and model simulations of the 8.2-ka event climate [e.g., (3)] typically assert that maximum cooling in the North Atlantic region occurred downstream (east) of the 8.2-ka event's epicenter in the Labrador Sea due to westerly atmospheric and oceanic circulation patterns. Deposition of the Cockburn moraines on Baffin Island, combined with the independent summer temperature reconstruction from the Clyde Foreland, indicates that significant summer cooling during the 8.2-ka event extended west of the Labrador Sea. Unlike YD cooling, cooling during the 8.2-ka event included a significant summer component, and we suggest that the difference in mountain-glacier response between the YD and the 8.2-ka event was due to contrasting seasonality. What remains unclear, however, is the driving mechanism(s) that would allow for the 8.2-ka event to have a proportionally stronger summer-based regional cooling signature than the YD, because both cold reversals are thought to have shared similar reorganizations of North Atlantic thermohaline circulation and concomitant expansion in sea-ice coverage (3, 6, 28) .
One explanation may involve each cold period's triggering mechanism. The 8.2-ka event is linked to the catastrophic drainage of Laurentidedammed lakes and routing of meltwater through the Hudson Strait directly into the Labrador Sea (29) . Accordingly, the sharp isotopic onset of the 8.2-ka event in Greenland ice cores is consistent with rapid North Atlantic freshening. The origin of the YD, however, remains debated [e.g., (28) ]. Although one of several possible YD triggers invokes the sudden release of North American meltwater into the North Atlantic, no geomorphic evidence lending support to this hypothesis has been identified (30) , and compared to the 8.2-ka event's onset, the beginning of the YD is less notably abrupt and succeeds a millennial-scale cooling trend (28) . It has also been suggested that a Heinrich ice armada outburst (i.e., Heinrich event H0) occurred in Baffin Bay at the onset of the YD (31). However, because multiple Heinrich events occurred through the last glacial period, a Heinrich-related YD triggering mechanism would indicate that the YD is not the product of a one-time catastrophic event (28) but rather the result of a reoccurring pacemaker. Moreover, stalagmite d
18
O records suggest that the YD and previous YD-like events are inherent, nonstochastic components of ice-age terminations (32) .
Each cold reversal's unique isotopic expression suggests differing causations and possibly different hemispheric climatic imprints. The sudden influx of freshwater into the Labrador Sea resulted in significant summer cooling in the Baffin Bay region during the 8.2-ka event, whereas an alternative YD triggering mechanism may have led to comparatively restricted YD summer cooling in Baffin Bay. Indeed, a recent climate model simulation of the 8.2-ka event depicts a strengthened North Atlantic subpolar gyre with maximum sea-surface cooling occurring along the western edge of the gyre (33) . Furthermore, an open Nares Strait channeling frigid Arctic waters into the region, and multiple pre-8.2-ka freshwater outbursts into the Labrador Sea, likely resulted in a preconditioned Baffin Bay climate system that crossed a threshold during the 8.2-ka event, resulting in strong regional cooling (34).
Our results provide direct age limits for the Cockburn moraine system deposited by the LIS and local mountain glaciers and highlight the importance of generating regional records of climate variability spanning intervals of abrupt climate change. The severity of the YD compared with the 8.2-ka event is obvious in central Greenland, yet our results indicate that the latter resulted in more extended Baffin Island mountain glaciers, perhaps due to different triggering mechanisms and unique pre-8.2-ka event climatic baseline conditions in the Baffin Bay region. In addition, the comparatively restricted YD summer cooling on Baffin Island reinforces the broader pattern of mild YD summers in Greenland-proximal locations (5, 7). The amplitude of Baffin Island summer temperature depression during the 8.2-ka event is similar to the drop in Greenland mean annual temperature, indicating a fundamental contrast in seasonality between YD and 8.2-ka event climates. Be ages plotted as distance from the valley head. The normal kernel density estimate depicts individual and summed 10 Be ages from Ayr Lake moraine boulders (red) and boulders atop the Clyde Inlet ice-contact delta (gray). Results from central Baffin Island are compared to Greenland isotopic (North Greenland Ice Core Project) and elevation-corrected temperature records (27, 36) and to a local summer temperature reconstruction (Lake CF8) (19) . (B and C) The full deglaciation histories of Sam Ford fjord and Clyde Inlet (14-16).
14 C ages that directly relate to 8.2-ka ice-contact deltas are highlighted and also presented in (A) (14 A specifically patterned cell wall is a determinant of plant cell shape. Yet, the precise mechanisms that underlie initiation of cell wall patterning remain elusive. By using a reconstitution assay, we revealed that ROPGEF4 (Rho of plant guanine nucleotide exchange factor 4) and ROPGAP3 [ROP guanosine triphosphatase (GTPase)-activating protein 3] mediate local activation of the plant Rho GTPase ROP11 to initiate distinct pattern of secondary cell walls in xylem cells. The activated ROP11 recruits MIDD1 to induce local disassembly of cortical microtubules. Conversely, cortical microtubules eliminate active ROP11 from the plasma membrane through MIDD1. Such a mutual inhibitory interaction between active ROP domains and cortical microtubules establishes the distinct pattern of secondary cell walls. This Rho-based regulatory mechanism shows how plant cells initiate and control cell wall patterns to form various cell shapes.
C ell shape is the basis of behavior and function of specialized cells in multicellular organisms. The plasma membrane plays central roles in the development of the functional and structural polarization of the cell. In plants, plasma membrane polarization leads to the formation of the locally specialized architecture of cell walls, resulting in various shapes of plant cells with specific functions (1-4). However, how local domains in the plasma membrane are formed and how they control local cell wall architecture in conjunction with the cytoskeleton remain a mystery. The plant-specific microtubule binding protein MIDD1 is anchored to the plasma membrane domains and promotes local microtubule disassembly, forming a specific pattern of secondary walls in xylem vessel cells (5) . MIDD1 binds Rho guanosine triphosphatases (GTPases) (6-8), which regulate cell polarization in diverse organisms (1, 9, 10). We found four ROP (Rho of plants) GTPases that were expressed in xylem cells on the basis of a metaxylem vesselrelated gene expression database (11) . Because of difficulty in direct observation of subcellular localization of these ROPs in developing xylem cells in situ, we observed green fluorescent protein (GFP)-ROPs expressed under the control of an estrogen-inducible system (12) in in vitro Arabidopsis metaxylem cell culture (5). Only GFP-ROP11 showed colocalization with filamentous structures in secondary wall pits ( fig. S1 , A to C). Time-lapse observation revealed that GFP-ROP11 accumulated at the end of filaments ( fig. S1D) , as does MIDD1 (5). Double labeling confirmed the colocalization of GFP-ROP11 and tag red fluorescent protein (tagRFP)-MIDD1 (Fig. 1A) . In nonxylem cells, which normally lack MIDD1, GFP-ROP11 was localized along a filamentous structure only when MIDD1 was ectopically coexpressed (fig. S2A) . Thus, MIDD1 can recruit ROP11 along cortical microtubules. The N-terminal domain of MIDD1 binds to microtubules, and the C-terminal domain of MIDD1 is anchored to the plasma membrane in the secondary wall pits (5). To determine whether ROP11 can recruit MIDD1 to the plasma membrane, we introduced tagRFP-MIDD1 DN together with GFP-ROP11, a fusion protein of GFP and a constitutive active form of ROP11 (GFP-ROP11 G17V ), or a fusion protein of GFP and a constitutive negative form of ROP11 (GFP-ROP11 T22N ) (13) into nonxylem cultured cells, which normally lack MIDD1. tagRFP-MIDD1
DN colocalized with GFP-ROP11 G17V and GFP-ROP11 on the plasma membrane but not with GFP-ROP11 T22N ( fig. S2B) . Thus, the GTP-bound form of ROP11 can recruit MIDD1 to the plasma membrane. Introduction of a constitutive active ROP11 (GFP-ROP11 G17V or GFP-ROP11 Q66L ), but not GFP-ROP11, into differentiating metaxylem cells disrupted the pitspecific localization of MIDD1 DN such that distribution of MIDD1 DN became uniform ( fig. S3 ) and secondary walls were formed throughout the cell surface (Fig. 1, B and C) . Transgenic Arabidopsis plants expressing LexA (operator of bacterial repressor)::GFP-ROP11 G17V or LexA::GFP-ROP11 Q66L also exhibited disorganized secondary walls without obvious pits in metaxylem vessels, although the secondary wall pattern of protoxylem vessels was not visibly affected ( fig. S4) The terrain in the field area is typical of the eastern Canadian Arctic, categorized by a landscape of selective linear erosion (38) . The uplands host block fields, tors and surfaces with weathering pits and raised quartz veins. In contrast, bedrock at lower elevations, such as valley floors, fiord-bottom islands, and raised bedrock "shoulders" resting slightly above valley and fiord bottoms, have been recently ice-sculpted and commonly display striations. To constrain the timing of Ayr Lake valley deglaciation, we focused on samples from low elevations, which are not likely to contain 10 Be inheritance based on our extensive work in this area ( Fig. S1; 11 , 12, 15, 16, 39-41) . One example is a 10 Be-based deglaciation chronology from Sam Ford fiord where low-elevation bedrock samples were, in almost all cases, found to have no isotopic inheritance (16) .
Moraine mapping presented in Figure 2 of the main text was conducted on aerial photographs and checked in the field. All moraines were visited in the field during April and
May of 2008 and 2009.

Sample collection and 10 Be age assumptions
The location of each sample was recorded with a handheld GPS receiver with a vertical uncertainty of ~10 m, corresponding to a <1% uncertainty in 10 Be age. Boulder dimensions were measured and all samples were collected from the uppermost boulder surface using a hammer and chisel; we avoided sampling from boulder edges. The thickness of each sample was recorded and a clinometer was used to measure sample-specific shielding by the surrounding topography (Table S1 ). All sampled boulders were resting directly on moraine crests and boulder heights ranged from ~1.25-3.0 m above the moraine crest surface ( Fig. S2 ; Fig. S3 ; Fig S4) .
Crystalline bedrock and boulder lithologies in Ayr Lake valley are resistant to erosion and sampled bedrock and boulder surfaces commonly displayed glacial striations suggesting little, if any, surface erosion has occurred since deglaciation. Thus, we consider the effects of erosion on calculated 10 Be ages to be negligible, particularly over the relatively short (Holocene) timescales discussed here. No correction for snow cover was applied. All of our samples come from windswept locations and all sample surfaces were snow-free at the time of collection, which occurred during the time of maximum snow cover on Baffin Island (spring season).
Because our study area has undergone post-glacial isostatic uplift since deglaciation, the present sample elevation does not necessarily reflect their time-averaged sample elevation history. Unfortunately, the exact post-glacial isostatic uplift history of Ayr Lake valley is not known. The marine limit on the coastal lowland, ~25 km beyond Ayr lake and farther from the ice-sheet source, is 22 m asl and dates to ~16 ka (11, 41) ; the marine limit at the head of Clyde Inlet, ~40 km to the southwest, and closer to the ice-sheet source than our Ayr Lake sample locations, is 67 m asl and dates to ~8500 cal yr BP (15) . These emergence data, combined with the pattern of uplift isobases (10) , indicate that our samples >10 ka underwent no more than ~22 m of uplift (marine limit at the Clyde Foreland; 11), and the Holocene moraine boulder samples experienced no more than ~40-60 m of uplift. Thus the elevation correction for Clyde Foreland and Ayr Lake deglaciation samples amounts to <1% increase in 10 Be age (18) , and for moraine boulders deposited ~8 ka, the elevation correction results in a 10 Be age that is <1% older than 10 Be ages calculated without an elevation correction. For samples located on the Clyde Foreland the correction for 10 Be ages range from 0.09-0.11% and average 0.10%. For moraine boulders, 10 Be age corrections range from 0.53-0.58% and average 0.56%. For comparison, samples from
Norway that had an ~11.6 ka exposure history, had undergone ~70 m of rebound and were from low elevations similar to our Ayr Lake valley samples, required a correction in 10 Be concentrations of only ~1-2% (42) . Boulders deposited in Ayr Lake valley experiencing ~8 ka of exposure and having only undergone 40-60 m of uplift would likely require a smaller 10 Be age correction, supported by our estimated 10 Be age correction (<1%). Nonetheless, our elevation corrections fall within our vertical GPS uncertainty and therefore we did not apply a sample elevation correction for any of our 10 Be ages. Table S1 ). We include all 10 Be sample information, whether previously published or not, in Table S1 . One-sigma analytical uncertainties for newly presented 10 Be ages from Ayr Lake valley range from 1.65-3.73% (Table S1 ) and we use the larger of the internal vs.
external AMS error when reporting uncertainties. Procedural blank ratios were 2.15x10 -15 , Table S1 ). We report 10 Be ages using the northeastern North America (NENA) production rate (St -3.91 ± 0.19 atoms g -1 yr -1 ) and the commonly used constantproduction scaling scheme of Lal/Stone (St; 46, 48, 49) . Calculated ages using alternative scaling schemes (De, Du, Li, Lm) are shown in Table S2 ; all scaling schemes produce ages that agree within ~2% (50) (51) (52) (53) .
Using the NENA 10 Be production rate
The calibration data set used to generate the NENA 10 Be production rate includes 10 Be measurements from boulders on the Clyde Inlet ice-contact delta (46) . Thus, there is some degree of circular logic in using the NENA rate to show that the Clyde inlet ice-contact delta, which was included in the derivation of the NENA rate, represents an ice-margin response to the 8.2 ka event. Here, however, we present three main arguments that support our use of the NENA rate for the Clyde Inlet 10 Be ages:
1) The NENA calibration data set incorporates 10 Be measurements from five additional locations to generate the NENA 10 Be production rate. Excluding our Clyde Inlet data set from the broader suite of NENA calibration sites does not significantly alter the final NENA rate because the calculated 10 Be production rate based solely on the Clyde Inlet dataset (St -3.92 ± 0.31 atoms g -1 yr -1 ) is almost identical to the NENA 10 Be production rate (St -3.91 ± 0.19 atoms g -1 yr -1 ).
2) The NENA rate has been reproduced in nearby western Greenland, which does not include the Clyde Inlet dataset, and is statistically indistinguishable from the NENA rate (54; St -3.98 ± 0.24 atoms g -1 yr -1 ).
3) Deposition of the Clyde Inlet ice-contact delta is independently constrained by bracketing radiocarbon ages of 8435 ± 50 and 7950 ± 45 cal yr BP (see below). These bracketing radiocarbon ages support the 8.2 ka age of the ice-contact delta, even when even our NENAderived boulder 10 Be ages from the delta surface are not used.
Ayr Lake valley and Clyde Foreland 10 Be ages and chronology
Six of the eight ages from the Clyde Foreland were originally reported in ref.
11. The original publication reports over 100 exposure ages from the broader Clyde Inlet region;
however, these ages come from distinct morphostratigraphic surfaces, and depending on the sample locality have varying degrees of isotopic inheritance. Exposure ages from regions that show clear signs of scouring (e.g. valley bottoms) are generally interpreted to reflect the timing of deglaciation, whereas ages from unscoured terrain are more directly related to ice-sheet basal thermal regimes. Here, we report the 10 Be ages from the inner portion of the foreland, which most closely constrain the onset of deglaciation through Ayr Lake valley (see Table 1 , "Upper Kogalu River valley" in ref. 11). We recalculate these previously published 10 Be ages using the NENA 10 Be production rate. We note that the Clyde Foreland samples were processed and measured by AMS between 2002-2004. These samples have analytical uncertainties that are much larger (~2x) than newly presented ages from Ayr Lake bedrock and moraines boulders (Table S1 ). The significantly reduced analytical uncertainties likely reflect a combination of improved laboratory 10 Be extraction techniques and AMS measurement capabilities.
Nonetheless, all 10 Be ages from inner Clyde Foreland overlap at 1-sigma uncertainties (14.1±1.2 ka) and are therefore plotted as one point in Figure 3 of the main text. In addition, the 10 Be ages from inner Clyde Foreland overlap with our mid-Ayr Lake valley 10 Be ages of 13.8±0.5, 13.6±0.3 and 13.8±0.2 ka (mean = 13.7± 0.1 ka), indicating rapid valley deglaciation, likely facilitated by increased calving rates as the glacier terminus retreated through the deep Ayr Lake (e.g. 16).
Of our 13 10 Be ages from moraine boulders, 10 cluster between 8.4±0.2 ka and 7.9±0.2 (Fig. 3, main text) . From the down-valley moraine (moraine North; Table S1 ), a single 10 Be age of 14.2±0.3 ka does not overlap with remaining 10 Be ages at 2-simga uncertainty. This boulder likely contains inherited 10 Be, and we note that this age overlaps with Ayr Lake deglaciation ages. Thus it is possible that this boulder could have originally been deposited on the landscape during Ayr Lake deglaciation, and then later transported to its present locality during the 8.2 ka-triggered advance of the mountain glacier. At the up-valley moraine (moraine South; Table S1 ), a 10 Be age of 17.2±0.3 ka does not overlap at 2-simga uncertainty with remaining the 10 Be ages, indicating the presence of inherited 10 Be. A second older 10 Be age from moraine South of 9.1±0.3 ka overlaps with the remaining 10 Be ages at 1-simga uncertainty. However, when
considering the full population of 10 Be ages from both moraine locations, we are confident that the 8.4-7.9 cluster (see Fig. 3 
Sam Ford fiord chronology
The deglaciation chronology of Sam Ford fiord presented in Figure 3 of the main text was originally reported in ref.
Constraining the timing of deglaciation through Sam Ford
Fiord, is a ~110 km transect of 10 Be and 14 C ages from the fiord mouth to the fiord head. The fiord mouth deglaciated at 10.3 ±0.3 ka based on a single 10 Be age. With the exception of one 10 Be age suspected to contain inheritance (11.5 ±0.2 ka), all 10 Be ages from the outer and middle portions of the fiord overlap and 1-sigma uncertainty, indicating that rapid deglaciation occurred ca. 9.5±0.3 ka (n = 8, 1 s.d.). Located ~20 km from the fiord head, radiocarbon ages of 8330 ± 30
and 8210 ± 190 cal yr BP from marine bivalves in an ice-contact delta that is part of the "Ed Smith moraine," the most prominent moraine deposited during the Cockburn Substage (13), chronicle the readvance of the Sam Ford fiord outlet glacier. Supporting a re-advance (versus a stillstand) is a radiocarbon age of 8,830 ± 120 cal yr BP from a bivalve reworked into a moraine up-fiord from the ice-contact delta. This older radiocarbon age requires ice-free conditions upfiord from the ice-contact delta at that time (8,830 ± 120 cal yr BP). The reworked marine bivalve radiocarbon age serves a distant maximum-limiting age for the ice-contact delta and also indicates that following deglaciation ca. 9.5 kyr ago based on the 10 Be ages, the inner fiord, including ice-contact delta site, remained ice-free until the subsequent advance 8.1-8.3 kyr ago (16) . 10 Be ages of 7.9 ± 0.8 and 7.7 ± 1.1 ~15 km up fiord from the ice-contact delta provide minimum-limiting ages on the ice-contact delta and mark the timing of final deglaciation of Sam
Ford fiord (Fig. 3, main text) . Table S1 ), which constrains the timing of delta deposition.
Clyde Inlet ice-contact delta
Deposition of this delta is also independently constrained by a series of radiocarbon ages. Marine sediments are draped onto the foreslope of the 62-m-asl ice-contact delta. Because the delta must have been deposited before the marine sediments, radiocarbon ages from bivalves within the marine sediments provide minimum-limiting ages on the ice-contact delta. Three radiocarbon ages of 7790 ± 55, 7905 ± 70 and 7950 ± 45 cal yr BP from bivalves were obtained from the foreslope sediments (Table S3; 15) . These ages are in stratigraphic order and thus the oldest (Table S1) . (Table S1) . 07KNSTD3110 (2.85 x 10 -12 ); ratios are blank-corrected (<1% of sample total) and shown at 1-sigma AMS uncertainty 
